The anatomic structure of roots and culms of two Juncus species with different degrees of salt tolerance was analysed in plants grown for two months under salt stress (NaCl treatments) and in control, non-treated plants. The aim of the study was not only to compare the anatomical structures of a halophyte (J. acutus) and a related glycophyte (J. articulatus), but mostly to assess whether salt stress induced anatomical modifications, by identifying differences between control and treated plants. Several slight differences have been indeed detected, in terms of endodermis type, development of aerenchyma and extent of sclerenchyma in perivascular sheaths. The role of Casparian endodermis was here discussed in relation to its complex implications in controlling salt influx at the root level that is an efficient mechanism involved in halophytes. Aerenchyma is a common feature found in marshy halophytes, allowing them to survive naturally under flooding conditions; however, when occurring in non-waterlogged plants, as is the case of this study, it should be regarded as a genetically, constitutive adaptation rather than an inducible one. Nevertheless, such anatomic modifications should be regarded as mere alterations due to stressthat is, as stress responses -and not as truly adaptations to salinity. In this context, the nature of these modifications -either considered as adaptations or damage indicators of salt stress -should be further reconsidered.
Introduction
Nowadays, the study of plant responses to salt stress and salt tolerance mechanisms is one of the most active research fields in plant biology, since salinity -together with drought -is the main constraint for agricultural production worldwide (Marcum, 2002; Munns, 2002 Munns, , 2005 Ashraf, 2004; Bartels and Sunkar, 2005; Mittler, 2006) . In an '-omics'-dominated era, many papers have been published reporting wide analyses of salt-induced changes, at the molecular, biochemical or physiological levels, mostly in model plant species such as Arabidopsis thaliana or some crops (Zhu, 2000; Koiwa et al., 2006; Horie et al., 2012) , and lots of data have been collected that are helping to elucidate the mechanisms involved in salt tolerance. Obviously, anatomical (structural) responses to salinity of salt-tolerant plants (halophytes) have been much less studied. There are a few specific reports dealing with the anatomical features of halophytes growing in their natural saline habitats (Grigore and Toma, 2010; Grigore et al., 2014 and reference therein) , but data on possible structural modifications of halophytes in response to controlled salt stress treatments are very scarce.
A controversial issue regarding possible changes in structural features under salt stress refers to the way in which these modifications can be interpreted. Salinity is known to induce changes in plant anatomy and morphology. These changes are often considered to be adaptations which increase the chance of the plant to endure stress imposed by salinity, but they may also be regarded as signs of damage and disruption of the normal equilibrium of life processes (Poljakoff-Mayber, 1975; Larcher, 1995; Schulze et al., 2005) . The anatomical and morphological features typical of halophytes are usually considered to be adaptations to salinity (Poljakoff-Mayber, 1975) . Since many structural characteristics in halophytes are rather constitutive, related to their family general structural scheme and to evolution during time in relation to salinity, it is a bit problematic to regard anatomic modifications of halophytes under salt stress as an temperature (23 °C during the day and 17 °C at night), CO2 level (≈ 300 ppm). Humidity ranged between 50-80% during the time of the treatments.
Fixation, preparation of slides and microscopic studies Plant material was harvested at the end of the treatments from different tissues (aerial tissue and roots), and placed directly in FAE (10% formaldehyde, 50% ethanol, and 5% glacial acetic acid) for fixation (Feder and O'Brien, 1968) . Dehydration through successive washes of the tissue with increasing concentrations of ethanol was performed, followed by application of histo-clear and paraffin wax. The tissues were processed using a microtome (Leica RM2025), stained with toluidine blue and analysed under a light microscope (Nikon SMZ800).
Results
Effect of salt on the anatomy of Juncus articulatus At root level, in J. articulatus control plants ( Fig. 1 A and B) , rhizodermis was largely exfoliated. The cortex was very thick and had a very weakly suberised exodermis. The cortical parenchyma was also very thick (8-10 cell layers), with very big meatuses between them; they had a squared, rhomboidal or rectangular shape. The endodermis had cells with Casparian strips slightly noticeable. The stele was very thin and had a parenchymatous pericycle. There were 13-15 xylem vascular bundles -only metaxylem vessels were easily noticeable -and the same number of phloem bundles, which were difficult to distinguish. Three-four large central vessels, without connection with those of xylem bundles, were also observed. The pith was thick, of the parenchymatous-cellulosic type.
In salt-treated plants ( Fig. 1C and D) , the rhizodermis had been entirely exfoliated. The cortex was thick and had an exodermis consisting of three suberised cell layers, partly exfoliated here and there. The cortical parenchyma contained cells slightly prolonged radially. The three internal layers had rectangular, overlapped cells. The endodermis was typically of the tertiary type, with lignified Casparian strips, in a horseshoe shape -the internal wall was very thick. The stele had a parenchymatous pericycle. There were 13-15 xylem vascular bundles, some of them in direct contact with the six large central metaxylem vessels, as well as 13-15 phloem bundles, noticeable only by the very large cells of the phloem parenchyma. The pith was sclerified and lignified; in its width, six large vessels of metaxylem were embedded.
Culms, which had been analysed at the basal level, had an elliptic outline. The epidermis of culms in control plants ( Fig. 2 A and B) presented cells with the external wall thick and lignified. Here and there, small tannin and silica cells could be noticed. The cortex was very thick, of the parenchymatous-lignified type, with many cells containing silica and tannin. It consisted of 3-4 layers of external parenchyma, with very short palisade cells, 20 small vascular bundles, numerous large air-storing cavities, prolonged radially, and 1-2 layers of internal parenchyma. The stele was thick and presented a sinuous sclerenchyma ring, which reached the periphery of vascular bundles, protruding between them. There were also about 40 big and small vascular bundles, alternating with each other, all of them surrounded by a sclerenchyma sheath, which was thicker on the phloem area and in contact with sclerenchyma ring. In many vascular bundles, tracheogenesis process was still running. The pith was parenchymatous, with many cells containing tannin; a few central cells appeared to be in the process of disorganisation. adaptation, stricto sensu (Grigore, 2012; Grigore et al., 2014) . There is little experimental data to reveal whether the same features occur when halophytes are not exposed to salinity. According to Grigore et al. (2014) the action of salt on halophytes, at least in histo-anatomical terms, should be rather considered as having a formative effect in an ecological and adaptive sense. This would apply for halophytes growing in nature, while -for those cultivated under controlled conditions -these changes are still open to discussion (Grigore et al., 2014) .
Maritime marshes of the Mediterranean have been described in general terms by Rikli (1943) , who stated that they usually lie behind coastal dunes but are subject to salt-water inundation. Juncus acutus is a halophyte that shapes well defined plant communities within Mediterranean salt marshes (Chapman, 1960) . Juncus acutus L. subsp. acutus grows in interior and littoral saline meadows, while J. articulatus L. subsp. articulatus is a glycophyte that occupies wet but not saline habitats in wetlands and riversides (Talavera et al., 2010) . Several Iberian taxa of the genus Juncus have been the object of morphological, anatomical, biochemical, chorological and ecological studies (Fernandez Carvajal, 1981; 1982a, b; Mateu, 1991; Boscaiu et al., 2011; Boscaiu et al., 2013; Mesleard et al., 2015) . Still, the direct effect of NaCl treatments on anatomical structures of these species has not yet been investigated.
The aim of the present study was to analyse whether high saline concentration in controlled experimental conditions, beyond the range of salinity that the two Juncus species normally face in their natural environments, has an effect on their anatomical structure. Those structural modifications, if they are indeed detected in salt treated plants, will be thoroughly analysed to establish whether they may be considered as truly adaptations to salinity, or they just represent a stress response; that is, a mere alteration induced by salt. This approach, by including species with different degree of tolerance to salinity, may contribute to a better understanding of the concepts of tolerance vs. adaptation to salt stress.
Materials and Methods
Plant material and experimental design Seeds of J. acutus were collected from a salt marsh located in the Natural Park of La Albufera (Province of Valencia, Spain) and those of J. articulatus from a non-saline area in the Natural Park. The seeds were sown directly into a moistened mixture of peat (50%), perlite (25%) and vermiculite (25%) in 1 liter pots (Ø=11 cm). During the entire course of the germination process, the substrate was kept moderately moist, using Hoagland nutritive solution.
Forty-two days after sowing, salt treatments were started, maintaining half of the plants as non-treated controls. The control plants were watered twice a week with Hoagland nutritive solution (1.5 l for each tray containing 12 pots), and salt-stressed plants with the same volume but with NaCl added to the nutritive solution, to a final concentration of 400 mM, prior to irrigation. Treatments were carried out over a period of two months that is sufficient to detect effects of salt stress on Juncus.
All experiments were conducted in a controlled environment chamber in the greenhouse, under the following conditions: long-day photoperiod (16 hours of light), 503 In salt-treated plants (Fig. 2 C and D) , the culm cross-section outline was circular. The epidermis had cells with external walls moderately thickened and lignified. The cortex was thicker than in control plants and presented 18-22 vascular bundles located in the outer area of the cortical parenchyma, as well as abundant air-storing cavities, strongly elongated radially and separated by fragments of parenchyma. The stele consisted of a peripheral sclerenchyma ring and 30-32 vascular bundles, from which 1-2 deeply protruded in the pith, thus losing the contact with the sclerenchyma ring. This and the sclerenchyma sheaths surrounding vascular bundles had cells with very thick walls. The pith was parenchymatous, compact, with cells containing tannin and amiliferous cells.
Effect of salt on the anatomy Juncus acutus
At the level of roots, which were adventitious and very thin, in J. acutus control plants (Fig 3 A and B ) the rhizodermis had relatively short, abundant absorbing hairs. The cortex was relatively thick, including an exodermis with 2-3 layers of cells possessing thin, less suberised walls; the cortical parenchyma was thick, with many large air-storing cavities, very close to each other and separated only by fragments of disintegrated parenchymatous cells and by the stele; the endodermis had large cells, with internal and radial walls moderately thickened and lignified, which did not have yet the horseshoe shape typical for most monocots. The stele was relatively thick, consisting of a pericycle with cells smaller than those of the endodermis, with which they alternated, and with all walls being thin. In the parenchyma, which was moderately sclerified and lignified, 7-8 large metaxylem vessels were embedded, arranged in a circle. The vascular bundles, of xylem and phloem types, were difficult to distinguish, because protoxylem vessels -in contact with the pericycle -did not differ significantly from cells of sclerified and lignified parenchyma; in addition, the few phloem elements had already slightly thickened and lignified walls. Overall, at a close look, 15-17 xylem and phloem alternating bundles could be noticed. The pith was intensely sclerified and lignified.
At the same level, in the roots of salt-treated plants (Fig. 3 C and  D) , the rhizodermis had few absorbing hairs. The cortex consisted of an exodermis, in the process of suberification; air-storing cavities in the cortical parenchyma were separated by radial strips of parenchyma cells; the endodermis was similar to that observed in control plants. The stele appeared thinner than in the absence of salt; in its structure, 8-10 large metaxylem vessels with very thin walls were present. Phloem bundles were not observed, but many small groups of protoxylem (whose very narrow vessels were similar to cells belonging to sclerified and lignified parenchyma) and isolated vessels in contact with pericycle could be noticed. The medullar parenchyma had cells with thin and moderately lignified walls. The stele was separated from cortical air-storing cavities by 4-5 layers of parenchyma.
Culms, analysed at the upper level, had an oval outline in cross section ( Fig. 4A and B) . At this level, the epidermis consisted of cells with thick and intensely lignified external walls; here and there, stomata could be observed. The cortex comprised 9-10 strands of hypodermic sclerenchyma, of different sizes and number of components, and a palisade tissue with 2-3 layers of cells, located between and underneath sclerenchyma strands, interrupted at the level of sub-stomatal cavities. No endodermis or special pericycle could be noticed. The stele consisted of fundamental parenchyma, of the meatic type. The vascular bundles, of collateral closed types, were arranged in two rings: an external one, with small (5-6) vascular bundles and an internal one, with large (5-6) vascular bundles; all of them were surrounded by a sclerenchyma sheath, consisting of elements with moderately thickened but intensely lignified walls. The axial parenchyma was incompletely disintegrated, forming airstoring cavities of irregular outline.
In salt-treated plants ( Fig. 4C and D) , there were 10-12 hypodermic sclerenchyma strands; palisade tissue had shorter cells. Large, internal (6) and smaller, external (8) vascular bundles could be observed. Many cells from the cortical and fundamental parenchyma were partly disintegrated, thus giving the appearance of air-storing cavities.
Discussion
The anatomical features in both control and salt-treated plants fit to the general structural plan of Juncus species (Blau, 1904; Burduja and Toniuc, 1983-1984; Cutler, 1969; NappZinn, 1973; 1974; 1984; Vierhapper, 1930; Grigore et al., 2014) . Several anatomical differences between the two species are evident, independently of the stress treatment. For instance, in J. acutus a well-developed aerenchyma was noticed in the root, while in J. articulatus it was absent. Since aerenchyma forms in both, control and salt-stressed plants, it should be assumed that this is a constitutive feature rather than a response to the salt treatment. Formation of aerenchyma must be related instead to the conditions where this species grows, in a marsh, where this is a common anatomical feature (Grigore et al., 2014) . In the control plants, the aerenchyma seems to be in direct contact with the central cylinder, while in treated plants it is separated from the stele by several layers of parenchyma cells. Yet, it is not clear whether this difference can be correlated with the salt treatment. The possibility that aerenchyma formation can be induced by increasing salinity has been discussed by Colmer and Flowers 504 (2008) , but there are no relevant data supporting this hypothesis. Nevertheless, there are several additional differences between control and salt-treated plants regarding their anatomical characteristics, modifications that can be assumed to be induced by salt stress. For instance, in J. articulatus subjected to high NaCl concentrations, the root endodermis is well developed, being of the tertiary type, with typical Casparian strips; in non-stressed control plants, on the contrary, these strips are hardly noticeable. In addition, the root exodermis of treated plants is highly suberised, while there is a weakly suberification in the controls. Grigore et al. (2014) emphasised that the exodermis, and especially the endodermis, may act as 'barriers' that can control and restrict the flux of ions to the plant organs in the presence of high soil salinity; this mechanism could contribute significantly to plant survival under severe conditions, natural or experimental. Fahn (1964) and Ginzburg (1966) studied the role played by the endodermis in these mechanisms, particularly on desert halophytes. They discovered that the Casparian strips were wide and thick in the roots of these species, and suggested that the endodermis barrier appears in a highly developed form in plants of such habitats. Poljakkof-Mayber (1975) also found that the ratio between the widths of the Casparian strips and the radial wall of endodermis cells showed large variations: from 1 in hydrohalophytes to 0.9-0.8 in xerohalophytes, and from 0.6-0.5 in dune plants, to 0.33-0.27 in cultivated plants.
It is well known that Casparian strips of root endodermis contain aliphatic and aromatic suberins (Schreiber et al., 1999) , which make the endodermis impermeable to ions and highmolecular-weight compounds, but allow the continuum of water and other low-molecular-weight solutes. Waisel (1972) showed that, in certain species, (Suaeda monoica, Vicia faba) Casparian strips cover almost the entire radial walls of the endodermis as compared to less than one-third covered in glycophytic dicotyledonous. Therefore, due to its particular wall differentiation and ultrastructural features, the primary endodermis is generally regarded as the main apoplastic transport barrier for the passive uptake of water with dissolved ions, from the soil solution into the xylem vessels located in the stele of the root (Robbins II et al., 2014) . It has been stated that water and ions, which have passively moved from the soil solution to the endodermis through the cell walls of the root cortex, must penetrate the protoplast of the living endodermis cell to gain access to the central cylinder of the root (Geldner, 2013) . In this way, it is assumed that root selectivity allows the separation between nutrients and harmful substances (Marschner, 1995) .
The role of the Casparian strips as a barrier for solutes and ions has been suggested in several ways: the absence of diffusion of fluorescent dyes beyond the Casparian strip into the stele (Alassimone et al., 2010) , by the accumulation of salts at the cortical side of the Casparian strip (Alassimone et al., 2012) , and by the drop in root pressure observed after puncturing the endodermis (Peterson et al., 1993; Steudle and Peterson, 1998) .
In high-saline environments, the endodermis limits free apoplastic diffusion of sodium ions into the vascular flux (Robbins II et al., 2014) . Apparently, this leads to the accumulation of sodium ions in tissues located at the periphery of endodermis (Møller et al., 2009 ).
In addition, there are some data suggesting that the exodermis might form an important barrier towards passive apoplastic diffusion in roots (Clarkson, 1991; Grigore et al., 2014) . It is well known that hypodermal cell walls are also incrusted with lipophilic and aromatic compounds (Peterson, 1997) . In addition, in response to certain environmental factors, there the formation of Casparian strips may occur in hypodermis (Enstone and Peterson, 1998) .
In the stem of J. articulatus, analysed at the basal level, the cortex of salt-treated plants is thicker and has many and large airstoring cavities than in control plants. However, it is questionable if developed aerenchyma has an inducible-adapted value or is just a sign of tissue damage induced by salinity that may produce a disintegration of cortical cells.
Conclusions
The anatomical modifications found in plants subjected to salt stress do not differ significantly from the general features specific for Juncus species. However, the observation under salinity conditions of a tertiary endodermis in the root, and the well-developed aerenchyma in root and stem of treated plants could suggest that these are modifications induced by salt, rather than anatomic adaptations in its broader sense.
